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The survival of Mycobacterium tuberculosis requires detoxi-
fication of host �NO. Oxygenated Mycobacterium tuberculosis
truncated hemoglobin N catalyzes the rapid oxidation of nitric
oxide to innocuous nitrate with a second-order rate constant
(kNOD

� ≈ 745 � 106 M�1�s�1), which is �15-fold faster than the
reaction of horse heartmyoglobin.Weaskwhat aspects of struc-
ture and/or dynamics give rise to this enhanced reactivity.A first
step is to expose what controls ligand/substrate binding to the
heme.Wepresent evidence that themain barrier to ligand bind-
ing to deoxy-truncated hemoglobin N (deoxy-trHbN) is the dis-
placement of a distal cavity watermolecule, which is mainly sta-
bilized by residue Tyr(B10) but not coordinated to the heme
iron. As observed in the Tyr(B10)/Gln(E11) apolar mutants,
once this kinetic barrier is lowered, CO and O2 binding is very
rapid with rates approaching 1–2 � 109 M�1�s�1. These large
values almost certainly represent the upper limit for ligand
binding to a hemeprotein and also indicate that the iron atom in
trHbN is highly reactive. Kinetic measurements on the photo-
product of the �NOderivative ofmet-trHbN,where both the �NO
and water can be directly followed, revealed that water rebind-
ing is quite fast (�1.49 � 108 s�1) and is responsible for the low
geminate yield in trHbN.Molecular dynamics simulations, per-
formed with trHbN and its distal mutants, indicated that in the
absence of a distal water molecule, ligand access to the heme
iron is not hindered. They also showed that a water molecule is
stabilized next to the heme iron through hydrogen-bonding
with Tyr(B10) and Gln(E11).

�NOplays an important role in host defense againstmicrobial
pathogens by inhibiting or inactivating key enzymes such as the
terminal respiratory oxidases (1–5) and the iron/sulfur protein
aconitase (6, 7). �NO also combines at near diffusion-limited
rate with superoxide produced by respiring cells to form the
highly oxidizing agent peroxynitrite (8, 9). �NO-metabolizing
reactions are, thus, required to defend microbial pathogens
against �NO poisoning.
InMycobacterium tuberculosis the glbN gene encodes the

truncated hemoglobin N (trHbN)4 (Fig. 1). Inactivation of
glbN in Mycobacterium bovis bacillus Calmette-Guérin
impairs the ability of stationary phase cells to protect aerobic
respiration from nitric oxide (�NO) inhibition, suggesting
that trHbNmay protectM. tuberculosis from �NO toxicity in
vivo (10). This functional assessment is supported by the obser-
vation that trHbN catalyzes the rapid oxidation of �NO to
nitrate (trHbN(Fe2�-O2)� �NO3 trHbN(Fe3�)�NO3

�), with
a second-order rate constant kNOD

� � 745� 106M�1�s�1 (23 °C)
(10). The nitric oxide dioxygenase (NOD) reaction catalyzed by
trHbN is at least 15-fold faster (kNOD

� � 45 � 106 M�1�s�1 at
23 °C) than the one recorded for horse heart myoglobin (Mb)
and is almost as efficient as the diffusion-controlled reaction of
�NOwith free O2

. . A critical issue in this context is what aspects
of structure and/or dynamics give rise to this enhanced reactiv-
ity. A first step is to exposewhat controls ligand/substrate bind-
ing to the heme.
Once the ligand/substrate accesses the distal heme pocket

(DHP), the issue of reactivity focuses on local factors such as
iron reactivity and steric effects originating within the DHP.
Inspection of Mb and trHbN structures shows that in Mb the
imidazole ring of the proximal His is in an eclipsed orientation
with respect to the pyrrole nitrogen atoms. In contrast, that in
trHbN is in a staggered geometry, suggesting reduced repulsive
interactions between the imidazole ring and the pyrrole nitro-
gen atoms and a stronger heme-iron bond (higher iron reactiv-
ity). This assessment is supported by resonance Raman studies
of deoxy-trHbNandMb, also indicating a stronger Fe-His bond
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in trHbN (11). Based on the favorable proximal environment,
one would anticipate faster combination rates and higher gem-
inate yields for trHbNrelative toMb. Surprisingly both proteins
bindO2with relatively similar rates, and the geminate yields for
CO are both comparably low in the few percent range at ambi-
ent conditions (12, 13). These observations reveal that signifi-
cant distal factors dictate the binding properties of trHbN.
There are several categories of distal effects that can modu-

late ligand binding. Steric effects from the side chains of distal
residues can increase the barrier for binding through either
static positioning or relaxation subsequent to ligand dissocia-
tion and diffusion. In our earlier work, which showed a dra-
matic increase in the geminate yield with increasing solvent
viscosity, we postulated that viscosity-dependent relaxations of
side chains were responsible for the large changes in the gemi-
nate yield (13). In the present study this hypothesis was reex-
amined along with consideration for another potential distal
contribution arising from water occupying the DHP.
Ligand binding to ferrous (Fe2�) and ferric (Fe3�) Mb

requires the displacement of awatermolecule that is hydrogen-
bonded to the distal His(E7) residue side chain (14–21). In fer-
ric Mb, the distal water molecule coordinates as a weak ligand,
whereas in the ferrous derivative it occupies a site in the DHP,
blocking access to the heme iron, but at most it only transiently
interacts with the ferrous heme iron (22). Kinetic data supports

the concept that the distal water molecule increases the enthal-
pic contribution to the kinetic barrier by sterically hindering
ligand access to the heme iron (14, 17–19, 23, 24). Static and
dynamic steric contributions to such barrier have been previ-
ously shown for various DHP side chains including that of
His(E7) in Mb (14, 15, 17–19, 23, 25–29). The His(E7)-stabi-
lizedDHPwatermolecule can be viewed as increasing the effec-
tive size of the sterically activeHis(E7) side chain. In agreement,
photolysis experiments on Mb(Fe2�-CO) and Mb(Fe3�-NO)
show that substitutions of His(E7) by different apolar residues
resulted in enhanced ligand rebinding rates that are quantita-
tively related to the lack of occupancy of the distal water mole-
cule (14–21, 30).
In the present work we examined the ligand binding proper-

ties of trHbN-bearing mutations at residues Tyr(B10) and
Gln(E11). Our results indicate that both the main barrier to
ligand binding to deoxy-trHbN and the origin of the low gem-
inate yield are due to the presence of Tyr(B10)-stabilized water
within the DHP at a site that blocks access to the heme iron.
Such a proposal is further supported by the observation that in
the Tyr(B10)/Gln(E11) double mutants, where side chain sta-
bilization of the DHP water molecule is not possible, the com-
bination rate becomes very rapid, with rates approaching those
measured for diffusion-controlled reactions and the geminate
yield increases by almost 2 orders of magnitude.

EXPERIMENTAL PROCEDURES

Mutagenesis, Expression, and Purification—Recombinant
trHbN and mutants were expressed and purified as previously
described (31).
Flash-photolysis Experiments—Laser flash-photolysis studies

were carried out using the LKS.60 Spectrometer from Applied
Photolysis (Leatherhead, UK) at 23 °C. Photolysis was initiated
by a 5-ns pulse of light at 532 nm provided by a Brilliant B
Nd:YAG laser (Quantel S.A., France). Absorbance changes
were measured using the monochromator-filtered light from a
150-watt xenon arc lamp. Passing through the sample, the
probe light beam was refocused on the slits (slits widths at 1
mm) of a second monochromator. Changes in transmitted
probe light intensity were detected by a 1P28 PMT coupled
with a HP 54830B DSO digital oscilloscope (Agilent Technolo-
gies Inc.) and transferred on a RISC platform PC (Acorn) for
processing. An average of at least 10 kinetic traces from at least
two separate experiments were averaged and analyzed with the
instrument manufacturer software (Applied Photolysis) to
obtain the rate constants. Plots of the pseudo first-order rate
constants and plots showing absorbance changes after �NO
photolysis were obtained using the KaleidaGraph software
(Synergy Software).
Protein samples for the flash-photolysis experiments were

used at concentrations ranging from 1.5 to 10 �M and buffered
in anaerobic 50 mM potassium phosphate, pH 7.5, containing
50 �M EDTA. The ferric and deoxy protein samples were pre-
pared in a glove box as described previously (31) and put into a
gastight quartz cuvette with a 5-mm path length. To obtain the
desired complexes, the deoxy and ferric samples were equili-
brated with different concentrations of either O2, CO, or �NO
provided by a series 4000 gas mixing system from Environics

FIGURE 1. View of the distal heme pocket and the tunnels of cyanomet-
trHbN chain B under xenon pressure (PDB entry 1S56). Besides the protein
backbone (blue ribbon, with labeled �-helices), the figure shows hydrogen-
bonding (dashed red lines) between the distal residues Tyr(B10) and Gln(E11)
and the heme-bound cyanide. The path of the two tunnels is shown in orange.
The short tunnel (�8 Å) connects the heme distal site to the outer solvent
space at a location comprised between the central region of the G and H
helices (left in the figure). The long tunnel (�20 Å) extends from the heme
distal cavity to a solvent access site located between the inter-helical loops AB
and GH (upper part of the figure); note the gating role of Phe(E15) on the long
tunnel. The arrows point to the tunnel entrance sites facing the solvent. The
figure was produced using the PyMOL software (Delano Scientific).
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(Tolland, CT). Combination rates for CO andO2were followed
at wavelengths ascribed to maxima and minima in either the
trHb(Fe2�-CO) or the trHb(Fe2�-O2) minus the trHb(Fe2�)
differential spectra. To study the extent of water regulation on
ligand binding to Mb and trHbN, �NO recombination kinetics
were followed over a broad timescale (ns–ms) and at specific
wavelengths corresponding to isosbestic points between the
(Fe3�-H2O), (Fe3�-NO), and (Fe3�) five-coordinate (5C) spe-
cies (Fig. 2 and Ref. 21). Absorption spectra were recorded
before and after time coursemeasurements to ensure the integ-
rity of the samples.
Geminate and Solvent-phase Recombination Experiments—

Geminate and solvent-phase recombination measurements
were carried out using 8-ns 532-nm pulses at 1 Hz from a
Nd:YAG laser (Minilite, Continuum, Santa Clara, CA) as a pho-
todissociation source and a greatly attenuated continuous wave
442 nm probe beam from a He:Cd laser to monitor time-de-
pendent changes in absorption. Details of the apparatus, data
collection, and data display can be found in a previous publica-
tion and citations therein (13, 26, 32). The kinetic traces are
displayed on a log-log plot of normalized absorbance (propor-
tional to the survival probability of the photoproduct) versus
time.
Kinetic measurements were typically carried out on solution

samples (�0.25–0.5 mM in heme) contained in standard 1-mm
stoppered cuvettes placed in a custom-built dry N2-purged
variable temperature cuvette holder (�15 to �65 °C). The one
sol-gel encapsulated sample was prepared as a thin layer lining
the bottom portion of a 10-mm diameter NMR tube as previ-

ously described (33) but with the protocol modified (no added
glycerol) to minimize the increase in internal viscosity.
Molecular Dynamics Simulations—Simulations were per-

formed using CHARMM (34) and the CHARMM22 all-atom
potential energy parameter set (35) with �, � cross-term map
correction (CMAP) (36) and modified TIP3P waters (37). Elec-
trostatic interactions were calculated via the Particle Mesh
Ewald method (38) using a sixth-order spline interpolation for
complementary function, with � � 0.34 Å�1 and a fast-Fourier
grid density of�1 Å�1. Cutoffs for the real space portion of the
Particle Mesh Ewald calculation and the truncation of the Len-
nard-Jones interactions were 10 Å, with the latter smoothed via
a shifting function over the range of 8 to 10 Å. The SHAKE
algorithm (39) was used to constrain all covalent bonds involv-
ing hydrogen atoms. All simulations employed the leapfrog
algorithm and an integration step of 1 fs. Coordinates were
saved every ps. Non-bond and image lists were updated heuris-
tically. All simulations were performed at constant pressure
and temperature (NPT ensemble) of 1 atm and 298 K, respec-
tively. The mass of the thermal piston was 20,000
kcal�mol�1�ps2, and the mass of the pressure piston equaled
1000 atomic mass unit. The net translation and rotation of the
systems were removed every 10,000 steps.
Systems Setup—Coordinates for MD simulations were taken

from the crystal structure of wild-type oxy-trHbN (PDB entry
1IDR). All ionizable residues were considered in their standard
protonation state at pH 7, the histidines with the proton on
ND1 position. Missing coordinates from the crystal structure
were built using the internal coordinate definitions of
CHARMM. For each subunit, the carboxyl terminal end was
optimally positioned by performing 3-ns Langevin dynamics
with a 1 fs time step and a friction coefficient FBETA of 5 ps�1

while keeping all coordinates from the crystal structure con-
strained. The converged structures were immersed in a rhom-
bic dodecahedron unit cell containing pre-equilibrated TIP3P
water molecules (8330 molecules). Six sodium ions were added
to neutralize the charge of the systems.Watermolecules within
2.8 Å of any protein atom were deleted yielding about 24,350
atoms for each system. Before the initiation ofMD simulations,
the energy of the solvated systems was minimized with 2 cycles
of 500 steps of steepest descent followed by 500 steps of
AdoptedBasisNewton-Raphsonminimizations.During energy
minimization, the protein coordinates were kept constrained.
To increase sampling, two 20-ns trajectories were generated

using the A and B crystal subunits in the absence of the coordi-
nated dioxygen molecule. From these simulations, the last MD
coordinates were taken to produce two 20-ns trajectories of
deoxy-trHbN with and without a water molecule in the DHP,
for a total of 4 20-ns trajectories. The water molecule was arbi-
trarily positioned in the DHP in a cavity located between the
heme iron and the B10 residue, and the initial position was
optimized with a short energy minimization, keeping all other
coordinates constrained.
Because of their high structural similarities (31), mutant sys-

tems were built from equilibrated wild-type coordinates. Three
trajectories were produced for each deoxy form of both
Tyr(B10)Phe andGln(E11)Val singlemutantswith awatermol-
ecule in the DHP, whereas five trajectories were produced for

FIGURE 2. Equilibrium absorption spectra of trHbN(Fe3�-H2O) (solid line),
trHbN(Fe3�-NO) (dashed line), and trHbN Tyr(B10)Leu/Gln(E11)Val(Fe3�)
mutant (dashed and dotted line) at pH 7.5. The protein concentrations were 10
�M. The Tyr(B10)Leu/Gln(E11)Val double mutant (31) is 5C in the ferric oxidation
state and is analogous to the photoproduct generated when trHbN(Fe3�-NO) is
dissociated. The isosbestic point at 408.5 nm was used to follow the water coor-
dination subsequent to trHbN(Fe3�-NO) photolysis. At this wavelength we
expect an increase in absorbance (Abs) when H2O binds to the heme iron and a
decrease when �NO replaces H2O. The experimental wavelength at 421 nm was
employed to monitor the overall reaction trHbN(Fe3�-NO)3 trHbN(Fe3�)3
trHbN(Fe3�-H2O)3 trHbN(Fe3�-NO).
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the Tyr(B10)Phe/Gln(E11)Val double mutant. The number of
trajectories and their length were set to obtain a good sampling
of the measured values. For each mutant, one 10-ns trajectory
without a water molecule in the DHP was performed.
Analysis of the DHP Accessible Volume—The accessible vol-

umes located in the DHP were studied using VOIDOO (40).
The detected cavities were refined using a �0.2 Å grid spacing
and a probe radius of 1.4 Å. One coordinate set every 10 ps was
used for analysis.

RESULTS AND DISCUSSION

Kinetic Data Indicate That Tyr(B10) Mainly Contributes to the
Kinetic Barrier to Ligand Binding to trHbN(Fe2�)

O2 andCOBinding to trHbN—Combination ofO2 andCO to
most trHbNmutants was too rapid to bemeasured by stopped-
flow spectrophotometry. As a consequence, these reactions
were studied by laser flash-photolysis. Because the previously
published binding rate constants for O2 (kon� ) and CO (lon� ) of
trHbN have been determined by stopped-flow spectrophotom-
etry (12), we reexamined the reactions using flash-photolysis.
The measured reactions for O2 and CO corresponded to about
25 and 63%, respectively, that of the expected changes in
absorbance. The residuals of the fitted curves generated by
applying a single exponential mathematical term to the kinetic
data were nearly random, implying that under these conditions
O2 and CO combination processes are monophasic (Fig. 3). As
shown in Table 1, the kon� (55.8 � 106 M�1�s�1) value is higher
than that previously determined by stopped-flow spectropho-
tometry (kon� � 25 � 106 M�1�s�1), indicating that the starting
deoxy forms are different.
O2 and CO Binding to trHbN Mutants—With the exception

of the double Tyr(B10)Phe/Gln(E11)Val mutant, all mutant
proteins bound O2 in a concentration-dependent manner
requiring one exponential term to fit the pseudo-first-order
time courses. No reaction could be measured for the
Tyr(B10)Phe/Gln(E11)Val mutant, indicating either rapid
geminate rebinding after O2 dissociation or failure to photodis-

sociate the bound O2. As shown in Table 1, kon� values of
Tyr(B10)Phe (540 � 106 M�1�s�1) and Tyr(B10)Leu (621.2 �
106M�1�s�1)mutantswere�10-fold higher than that of trHbN,
indicating that Tyr(B10) contributes significantly to the energy
barrier to O2 binding. In contrast, kon� values for the oxygen-
ation of Gln(E11)Ala (37.5 � 106 M�1�s�1) and Gln(E11)Val
(32.6 � 106 M�1�s�1) mutants were slightly lower than that of
trHbN (55.8 � 106 M�1�s�1). Substituting both Tyr(B10) and
Gln(E11) for Leu and Val, respectively, creating the
Tyr(B10)Leu/Gln(E11)Val mutant, caused an additional
increase of the kon� rate to 1811.8 � 106 M�1�s�1.
All mutants bound CO in a concentration-dependent man-

ner requiring a single exponential term to fit the kinetic traces.
As observed for O2, single substitutions at the Tyr(B10) posi-
tion resulted in an �10-fold increase of the lon� with values
attaining 77.2 � 106 and 92.56 � 106 M�1�s�1 for Tyr(B10)Phe
and Tyr(B10)Leu, respectively (Table 1). In contrast, the
Gln(E11)Ala and Gln(E11)Val mutants showed only small
changes in the lon� values. The Tyr(B10)Phe/Gln(E11)Val and
Tyr(B10)Leu/Gln(E11)Val double mutants combined with CO
with similar rates (Table 1). These latter reactions are quite fast,
approaching values for diffusion-controlled reactions (41, 42).
Table 1 shows that replacement of Tyr(B10) with either Phe

or Leu results in an over an order ofmagnitude increase of both
kon� and lon� . That both ligands are similarly affected implies a
direct steric effect associated with the Tyr(B10). Replacement
ofGln(E11)with eitherAla orVal has very little influence on the
binding rates; however, for the double mutant combining the
Tyr(B10) and Gln(E11) replacements, there is a synergistic
effect that substantially enhances both kon� and lon� relative to the
increase due to the Tyr(B10) substitutions alone. The question
remains as to what structural and/or dynamical processes are
responsible for these side chain-specific effects on the combi-
nation rates.
As a first step, we examined the nanosecond and slower

recombination occurring subsequent to ligand photodissocia-
tion using an 8-ns laser pulse. In many instances geminate
recombination, which occurs on the sub-microsecond time
scale reflects the influence of the initial conformation before
substantial relaxation. Bymonitoring the geminate recombina-
tion on these faster time scales, it is possible to establish
whether the elements responsible for the very large differences
in combination rates are operational from the onset, when the

FIGURE 3. The time courses of O2 (68. 7 �M) (panel A) and CO (50.7 �M)
recombination to trHbN (5 �M in heme) (panel B) after photolysis in 50
mM potassium phosphate buffer, pH 7.5, 50 �M EDTA at 23 °C. The figure
shows the single exponential fits and residuals to the kinetic traces measured
at 411 and 420 nm for O2 and CO, respectively. Abs, absorbance units.

TABLE 1
Kinetics constants for the reactions of trHbN and its mutants with O2
and CO

Protein kon� (O2) lon� (CO)
1 � 106 M�1�s�1 1 � 106 M�1�s�1

trHbN 25a 6.75a
55.8 	 4.1 (25%)b 7.80 	 0.15 (63%)

Tyr(B10)Phe 540.0 	 14.3 (15%) 77.2 	 1.3 (74%)
Tyr(B10)Leu 621.2 	 7.0 (24%) 92.56 	 0.75 (83%)
Gln(E11)Val 32.6 	 1.0 (26%) 6.81 	 0.26 (56%)
Gln(E11)Ala 37.5 	 4.0 (29%) 9.34 	 0.27 (69%)
Tyr(B10)Phe/Gln(E11)Val –c 1119.2 	 13.4 (33%)
Tyr(B10)Leu/Gln(E11)Val 1811.8 	 51.3 (8%) 1148.4 	 50.5 (15%)

a Rate determined by stopped-flow experiment (12).
b Percentage of the expected amplitude measured for the reaction.
c Binding of O2 may occur in the dead time of the apparatus.
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ligand is initially dissociated and localizedwithin the local envi-
ronment near the heme binding site.

Geminate and Solvent Phase Recombination

Fig. 4 compares kinetic traces of the geminate and solvent
phase recombination of CO to trHbN and several distal
mutants displayed on a log-log plot. The rebinding to trHbN
(green trace) consists of a single exponential phase. This phase,
which slows with decreasing concentrations of CO (not
shown), is assigned to solvent phase recombination. The double
mutant Tyr(B10)Phe/Gln(E11)Val (red trace) shows two very
fast phases. Only the second phase slows in response to a
decrease in CO concentration (data not shown), indicating that
this kinetic phase is a very fast solvent phase recombination.
The even faster recombination phase is consistent with the
notion that it is a geminate recombination reaction based on
both time scale and insensitivity to the external CO concentra-
tion. The recombination trace for the oxy derivative of this
mutant showed two similar phases and geminate yields on the
nanosecond time scale (data not shown). It was also concluded,
based on the photolysis yield at 10-ns, that for the double B10/
E11 mutant as well as the wild-type protein, there is a faster
sub-nanosecond geminate phase for dioxygen that decreases
the nanosecondquantumyield relative to theCOderivatives. In
contrast to the CO derivative of the double B10/E11 mutant,
which displays an exceptionally fast nanosecond geminate
processwith very large amplitude (
0.8) that is among the larg-
est for any CO derivative of an Hb or Mb under ambient low
viscosity conditions, there is almost no discernable geminate

yield under these conditions for trHbN. The Tyr(B10)Leu/
Gln(E11)Val double mutant exhibits very similar enhanced
kinetics to those from the Tyr(B10)Phe/Gln(E11)Val double
mutant both under low and high viscosity conditions (data not
shown) The two single mutants Tyr(B10)Phe (black trace) and
Gln(E11)Val (blue trace) manifest ameasurable geminate proc-
ess but with a geminate yield in the range of 0.2.
The geminate recombination data show that the factors that

are responsible for the large differences in the combination
rates, and the solvent phase kinetics are operative at early times
subsequent to photodissociation. We now consider possible
factors contributing to these differences. The enhancement of
the binding rates and the solvent phase recombination in going
from Tyr(B10) to Phe(B10) might be the result of a decrease in
the effect of the tyrosine side chain relaxing to a position that
blocks access to the heme iron. If this relaxation was fast
enough, it could account for the very low geminate yield for
trHbN. The further enhancement in combination rates seen for
the double B10/E11 mutant could be attributable to a further
reduction in steric factors due a change in the positioning of the
Phe(B10) side chain due to the change in the E11 side chain.
There are several observations that raise questions about the

validity of this side chain-based steric explanation. TheB10 side
chain explanation can only account for the observed kinetics if
one also invokesmodulation of the positioning of the side chain
by the E11 side chain. Arguments against that scenario come
from the observation that the replacement of Gln(E11) with
valine or alanine has aminimal effect on the on rates and on the
geminate yield (data not shown for Gln(E11)Ala, which is
essentially identical to that of the Gln(E11)Val mutant). Fur-
thermore, the binding rates for Tyr(B10)Phe and Tyr(B10)Leu
are very similar. Geminate recombination studies comparing
these two mutants both at low and high viscosity show very
little difference (data not shown), suggesting that if the B10 side
chain contributes through a pure steric effect (due to the side
chain alone), the leucine and phenylalanine side chains would
have behaved similarly with respect to this proposed steric
interaction. A similar steric effect by these two residues seems
implausible given the difference in flexibility and volume of
the two side chains. Finally, both the Tyr(B10)Phe and
Tyr(B10)Leu double mutants with Gln(E11)Val show similar
recombination kinetics. If the further substantial enhancement
in combination rates, solvent phase recombination rates, gem-
inate yield, and rates of geminate recombination were due to
the further reduction in a steric effect due to a change in the
B10-E11 interaction, it would seem very implausible that the
two different B10 side chains would behave so similarly.
Although these arguments are not definitive, they certainly
weaken any explanation based solely on steric effects arising
solely from the side chains of the B10 and E11 residues. Given
these points together with the absence of large ligand binding
induced conformational changes involving the proximal heme
environment associated with trHbN (11), we consider yet addi-
tional factors that can contribute to the control of ligand bind-
ing kinetics.
Water in the DHP of Mb and Hb is known to significantly

contribute to the kinetic barrier for ligand binding (14–21). In
these two cases water occupies the DHP of the deoxy derivative

FIGURE 4. Kinetic traces showing the recombination of CO subsequent to
nanosecond photodissociation of the CO-saturated derivatives of wild-
type trHbN and its distal mutants. The recombination traces are displayed
on a log-log plot with the y axis corresponding to normalized absorbance and
the x axis corresponding to time subsequent to photodissociation. The traces
are color-coded as follows: wild-type trHbN in green, the Tyr(B10)Phe/
Gln(E11)Val double mutant in red, the Tyr(B10)Phe single mutant in black, and
the Gln(E11)Val single mutant in blue. All the samples except the double
mutant are in solution phase at pH 7.5. The trace from the double B10/E11
mutant (red) is from a sample encapsulated in a thin porous sol-gel bathed in
buffer. Essentially identical kinetics were obtained for the solution phase sam-
ple of the double B10/E11 mutant, but due to the low concentration of the
sample that trace was of poor quality. N. A., normalized absorbance.
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and only populates the DHP of the liganded species subsequent
to ligand dissociation and the onset of conformational fluctua-
tions that open the so-called distal His(E7) gate. Thus, there is a
delay between the moment of the ligand dissociation and the
reentry ofwater back into theDHP. It has been claimed that this
delayed water reentry process is essential for ensuring a high
probability of escape by the dissociated ligand once the ligand
has accessed the xenon cavities of Mb and Hb. Delayed occu-
pancy of the DHP by water subsequent to ligand dissociation is
also a significant factor contributing to the geminate yield for
the slower geminate phase arising from the recombination after
the ligand has access to the xenon cavities. If the dynamics of
water-controlling occupancy of the DHP of trHbN is a factor
contributing to the observed kinetic patterns, it would suggest
that water participates very early in the recombination process
and requires that the B10 and E11 side chains modulate its
dynamics and/or occupancy factors. Thus, in contrast to Mb,
where water is observed to enter theDHP ofMb only after 50 to
100 ns, in the case of trHbN the water would have to be present
within a few nanoseconds if it is responsible for the low gemi-
nate yield in wild-type trHbN. The high yield and fast rates for
the double B10/E11 mutant would be attributable to the very
low occupancy of water within theDHP. To test this hypothesis
we have conducted both kinetic measurements on the photo-
product of the �NO derivative of met-trHbN, where both the
�NO andwater can be directly followed, andMD simulations to
establish the behavior of water within the DHP of trHbN as a
function of B10 and E11 side chain substitutions.

Water Controls Ligand Binding to Ferric trHbN

Combined mutagenesis and spectroscopic studies indicated
that Tyr(B10) and Gln(E11) residues stabilize the coordinated
water molecule in ferric trHbN at 23 °C and pH 7.5 (31).
Accordingly, the optical spectra of ferric double mutants bear-
ing apolar residues at Tyr(B10) and Gln(E11) positions were
found typical of ferric heme proteinswith nowater coordinated
to the iron atom (31).
We used laser-flash photolysis of the trHbN(Fe3�-NO) com-

plex to study the kinetics of water entry and binding to the
heme iron at 23 °C and pH 7.5. Photodissociation of the horse
heart Mb(Fe3�-NO) complex leaves the heme distal site in a
ferric-dehydrated state 5CMb(Fe3�) (21). After �NOphotolysis
and escape, a water molecule enters the DHP and binds to the
heme iron, forming the aquometMb state (Mb(Fe3�-H2O)). At
longer times, �NO displaces the bound water molecule to rees-
tablish the equilibriumMb(Fe3�-NO) complex.

For monitoring H2O kinetics in trHbN, the experimental
wavelength is the isosbestic point between trHbN(Fe3�-NO)
and trHbN 5C Tyr(B10)Phe/Gln(E11)Val(Fe3�) mutant,
which is located near the Soret band of native ferric trHbN at
406 nm (Fig. 2). Fig. 5A shows the changes in absorbance at

FIGURE 5. Kinetic traces illustrating the absorbance changes after photo-
dissociation of trHbN(Fe3�-NO) and Mb(Fe3�-NO) at 23 °C. Panel A shows
the absorbance (Abs) changes corresponding to the water coordination

processes followed at 408.5 nm (red) for trHbN(Fe3�-NO) (8.31 �M in heme)
and 410 nm (blue) for Mb(Fe3�-NO) (7.37 �M in heme) preequilibrated with
100% �NO. The solid lines are the results of the exponential fits (black). Panel B
shows the kinetic traces acquired at 410 nm for trHbN(Fe3�-NO) (9.6 �M in
heme) preequilibrated with 25% (black), 50% (blue), and 100% (red) �NO. Panel
C shows kinetic traces obtained at 421 nm after photolysis of trHbN(Fe3�-NO)
(8.31 �M in heme) preequilibrated with 100% �NO.
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408.5 nm. We interpret the experimental results in terms of
three optical states: trHbN(Fe3�-NO), trHbN(Fe3�-H2O),
and trHbN(Fe3�). Accordingly, after �NO photolysis most of
the �NO directly rebinds without leaving trHbN. After the
non-geminate fraction of �NO escapes to solvent, forming a
short-lived 5C ferric-dehydrated state, a water molecule
rebinds very rapidly (1.49� 108 s�1), forming the trHbN(Fe3�-
H2O) state. Finally, under �NO saturating conditions (�1.8
mM), the bound H2O is rapidly displaced (2.0 � 105 s�1), lead-
ing to the decrease in absorbance seen in Fig. 5A. As expected,
increasing the �NO concentration shortens the duration of the
trHbN(Fe3�-H2O) complex and has no effect on the rate of
formation of trHbN(Fe3�-H2O) (Fig. 5B). As shown in Fig. 5A
andRef. 21, water binding to 5C ferric horse heartMb after �NO
photolysis is significantly slower (5.7 � 106 s�1), suggesting a
lower barrier for migration of water molecule in trHbN.
Fig. 5C shows the kinetic trace obtained when the reaction is

monitored at 421 nm.Thiswavelength corresponds to themax-
imum absorbance of the Soret band of the trHbN(Fe3�-NO)
species (Fig. 2). At this wavelength we monitored the reaction
trHbN(Fe3�-NO) 3 trHbN(Fe3�) 3 trHbN(Fe3�-H2O) 3
trHbN(Fe3�-NO). Initially a decrease in absorbance was
observed (2.1 � 108 s�1), corresponding to the formation of
5C ferric-dehydrated state from trHbN(Fe3�-NO) followed by
a small increase in absorbance (1.1 � 108 s�1) associated to
(trHbN(Fe3�) 3 trHbN(Fe3�-H2O) and finally by a further
increase in absorbance (2.3 � 105 s�1) corresponding to �NO
replacing the bound water molecule.
Thus, water appears to constitute the main barrier to ligand

rebinding to trHbN. Unlike Mb and human HbA, where water
does not appear to impact geminate recombination due to
delayed reentry of water into the DHP subsequent to ligand
dissociation, in the case of trHbN the water occupancy occurs
on the time scale of the geminate recombination. This observa-
tion indicates that water has access to the reactive site over the
heme iron on a time scale that is much faster than for Mb. This
acceleration is consistent either with water being stabilized
within the protein at a site near the heme iron or with water
being able to enter the DHP from the solvent on a nanosecond
time scale. Although the state of hydration of the DHP of
deoxy-trHbN is not known, the present flash-photolysis exper-
iments with trHbN(Fe3�-NO) strongly suggest that a non-co-
ordinatedwatermolecule, stabilized byTyr(B10) andGln(E11),
may be close to the heme iron in deoxy-trHbN. To investigate
the fate of a water molecule in the DHP of deoxy-trHbN and its
distal mutants and to gain further insights into the role of
Tyr(B10) and Gln(E11), MD simulations were performed.

Molecular Dynamics Simulations Suggest That Water May
Constitute the Main Kinetic Barrier to Ligand Binding to
trHbN(Fe2�)

All simulations showed stable trajectories with protein back-
bone root mean square deviations around 1 Å. The positioning
of the different DHP residues B10, E11, CD1, and the free DHP
water molecule was studied. Table 2 shows the average mini-
mum interatomic distances between non-hydrogen atoms and
the heme iron atom extracted from the different trajectories
produced. Tomeasure access to the heme iron atom (accessible

volume), we used a probe of 1.4 Å radius, which approximates
to the radius of a water molecule. The results are presented in
Table 3 and are expressed as the fraction of MD snapshots
showing an accessible volume over the iron.
Wild-type trHbN(Fe2�) Trajectories—Two 20-ns trajectories

were produced for the wild-type protein, and in both cases the
water molecule was stabilized by strong hydrogen-bonds
involving both the Gln(E11) and Tyr(B10) residues. As a result,
the water molecule occupied a main position close to the iron
atom at ameanH2O-iron distance of 3.5 Å. On some rare occa-
sions (0.7% of MD frames) the water molecule left this main
position to get closer to the Gln(E11) side chain, creating an
accessible volume over the iron atom (Table 3).
In the absence of a water molecule, the Tyr(B10) hydroxyl

groupwas hydrogen-bonded to theOE1 atomofGln(E11). This
H-bond pulled the Tyr(B10) side chain farther away from the
heme iron atom at a mean minimum distance of 5.7 Å. This
configuration prevailed in 89.3% of the time. In this configura-
tion the B10 residue does not hamper ligand coordination, and
the closest residue from the iron atom is Phe(CD1) at 4.0 Å. As
a consequence, an accessible volume over the heme iron was
found 10 times more often (7.1% of the MD frames) than in
trHbN-hydrated trajectories.
Tyr(B10)Phe(Fe2�) Mutant Trajectories—In the Tyr(B10)Phe

mutant the Gln(E11) residue pulled the water molecule away
from the heme center at a mean distance of 4.9 Å. The water
molecule no longer occupied awell defined position, being con-
stantly in motion around the Gln(E11) side chain. Also, the
Phe(B10) residue showed increased flexibility and explored two
�1 dihedral domains (�1 in minus and trans), compared with
only one for trHbN. Consequently, accessible volume over the

TABLE 2
Average minimum interatomic distances between non-hydrogen
atoms and the heme iron
OtherDHP residues (Leu(E7), Phe(B9), andVal(G8)) showed longer a distance from
the iron, ranging from 5.5 to 7.5 Å.

Proteina
Iron–Residue distance Å

Water B10 E11 F(CD1)
Å

trHbN-w 3.5 5.4 5.3 4.9
Tyr(B10)Phe-w 4.9 7.2 4.4 4.7
Gln(E11)Val-w 3.8 5.2 5.5 4.9
Tyr(B10)Phe/Gln(E11)Val-w 6.8 5.5 4.9
trHbN-d 5.7 4.9 4.0
Tyr(B10)Phe-d 6.7 4.4 4.4
Gln(E11)Val-d 5.2 5.8 4.2
Tyr(B10)Phe/Gln(E11)Val-db 6.6 5.5 4.8

a Protein with (w) and without (d) a water molecule in the DHP.
b The water molecule escaped too fast the DHP to get a proper measurement.

TABLE 3
Cavity formation frequency and volume over the iron atom

Proteina Frequency Volume
% Å3

trHbN-w 0.7 50.9 	 15.4
Tyr(B10)Phe-w 5.4 77.5 	 38.7
Gln(E11)Val-w 0.6 74.0 	 18.0
Tyr(B10)Phe/Gln(E11)Val-w 43.5 69.6 	 27.4
trHbN-d 7.1 46.8 	 18.5
Tyr(B10)Phe-d 5.0 62.2 	 18.5
Gln(E11)Val-d 19.5 58.3 	 23.4
Tyr(B10)Phe/Gln(E11)Val-d 54.7 81.8 	 29.0

a Protein with (w) and without (d) a water molecule in the DHP.
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heme iron atom was observed more frequently (�8-fold) than
in trHbN (Table 3). The average volume was also larger than in
trHbN by �25 Å3. Consistent with MD simulations, kinetic
data showed a similar increase in both O2 and CO combination
rates.
In the absence of a water molecule, the access to the heme

iron atomwas slightly reducedwith respect to trHbN (Table 3),
predicting lower or similar kon� and lon� for the Tyr(B10)Phe
mutant. This is due to the Gln(E11) side chain which moves
closer to the heme iron (by 0.9 Å), as also observed in the crystal
structure of the cyanomet derivative (31). MD data for the
Tyr(B10)Phe mutant are, thus, consistent with kinetic data if a
water molecule is present in the DHP.
Gln(E11)Val(Fe2�)MutantTrajectories—In theGln(E11)Val

mutant, the DHPwatermolecule occupied a position similar to
that seen in trHbN (Table 2) and was stabilized by a strong
H-bond to the Tyr(B10) hydroxyl group. Access to the heme
iron was slightly decreased with respect to trHbN, accounting
for only 0.6% of the MD frames analyzed. This is due to the
absence of electrostatic attraction by the E11 residue favoring
water location near the Tyr(B10) hydroxyl group. Consistent
with these data, kon� and lon� for the Gln(E11)Val mutant were
found similar to those of trHbN (Table 1).
In contrast, in the absence of a DHP water molecule, cavity

formation over the heme iron atom in the Gln(E11)Val
mutant increased �3-fold compared with trHbN. In this
case the Val(E11) side chain (5.8 Å) was unable to get as close
to the heme iron atom as the Gln(E11) residue in the
Tyr(B10)Phe mutant (4.4 Å). In trHbN, Tyr(B10) maintains
theGln(E11) side chain at a greater distance from the heme iron
atom (4.9 Å) through H-bonding. As a consequence, the cavi-
ties detected over the iron atom in the Gln(E11)Val mutant
were larger by about 10 Å3 than those formed in trHbN (Table
3). Thus, in contrast to kinetic data,MD simulations in absence
of a distal water molecule would predict an increase in O2 and
CO combination rates.
Tyr(B10)Phe/Gln(E11)Val(Fe2�) Mutant Trajectories—The

B10/E11 double apolar substitution had a dramatic effect on the
DHP water molecule stabilization. In all simulations, the water
molecule rapidly escaped the protein matrix through the short
tunnel. These results indicate that a water molecule is unlikely
to reside within the DHP of the B10/E11 apolar mutants.
The analysis of the accessible volume revealed that apolar

substitutions of the B10/E11 pair increased the accessible vol-
ume by more than 15 Å compared with trHbN (Table 3). Addi-
tionally, in the absence of a water molecule, greater than 54.7%
of the MD data showed an accessible volume over the heme
iron atom (Table 3). Overall, the MD results are in accord with
the measured kon� and lon� , which indicates that iron coordina-
tion of small gaseous substrates in this case should only be lim-
ited by their diffusion from the solvent to the tunnel and then to
the active site.
Conclusions—The present kinetic data and MD simulations

indicate that the main barrier to ligand binding from solvent
and geminate phase to deoxy-trHbN is the displacement of a
non-coordinated distal site water molecule, which is mainly
stabilized by the Tyr(B10) residue. As observed for trHbN
Tyr(B10)/Gln(E11) double mutants, once this kinetic barrier is

eliminated, geminate yield is dramatically increased, and ligand
binding is very rapid, with rates approaching those measured
for diffusion-controlled reactions. Such a proposal is further
supported by the observation that the rates measured for �NO
binding to ferric heme-iron increases dramatically in the
Tyr(B10)Leu/Gln(E11)Val double mutant (1585 � 106
M�1�s�1) comparewithwild-type trHbN (114.2� 106M�1�s�1),
being as fast as CO and O2 binding to the deoxy form of the
double mutant (not shown). These large combination rates
almost certainly represent the upper limit for ligand binding to
a heme protein (44, 45) and also indicate that the heme iron in
trHbN is highly reactive. Such rapid access to the active site is
attributed to the hydrophobic nature of the tunnels, whichmay
favor rapid docking and partitioning of the apolar gas into the
polar distal heme cavity. In turn, the rapid diffusion of apolar
ligand to the active site may be responsible for the efficient
NOD reaction catalyzed by trHbN (745 � 106 M�1�s�1). In
addition to ligand binding, water molecules in the DHP can
participate actively in other important processes including pro-
ton transfer reactions, catalysis, folding, and redox processes.
Recent quantum mechanics/molecular mechanics and MD
simulations with ferric trHbN suggest that formation of the
Fe3�-ONO2

� complex triggers rapid hydration (a few nanosec-
onds) of the distal heme cavity, which causes weakening of the
Fe3�-O bond and rapid egress of the nitrate ion from the active
site (43). Thus, water in the DHP facilitates the rapid release of
NO3�, which is necessary to guarantee an efficient NO detox-
ification and enhance survival of the microorganism under
stress conditions.
Photolysis experimentswith trHbN(Fe3�-NO) indicates that

water rebinds to the distal heme site at a rate of �1.49 � 108
s�1. Similar experiments with Mb(Fe3�-NO) and Mb(Fe2�-
CO) estimated that water enters into the distal heme pocket at
a rate of 5.7 � 106 and 9 � 106 s�1, respectively. The large
difference in the rates of water rebinding emphasizes a lower
barrier for water in trHbN, which can be attributed in part to
the electrostatic interactions of water with the distal residues
Tyr(B10) andGln(E11). The difference in binding rates of water
betweenMb and trHbNmay also be attributed to amuch faster
access to theDHP from the solvent due to the absence of a distal
gate in trHbN (15, 19, 44, 45). The results of the geminate
recombination studies are consistent with the water either
being near the heme from the start or accessing the DHP on an
unprecedented fast time scale. Whatever the situation, these
results point to an important role for water in control of ligand
reactivity in trHbN.
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